INTRODUCTION
The bakery industry in Finland is diverse and the largest sub-food-industry in terms of locations and number of jobs. Over 700 businesses located all over Finland employ approximately 8 000 workers. A majority of the bakeries are family businesses with less than ten employees. (1) In
Finland, 15 000-20 000 workers perform work activities that include handling of flour dust. In 2008-2011, 40% of flour dust measurements exceeded the Finnish occupational exposure limit (OEL), 2 mg/m 3 .
Flour dust usually contains several non-cereal components such as enzymes, preservatives, spices and other possible sensitizers. (3) The major health effects of flour dust are occupational asthma, conjunctivitis, rhinitis and dermal reactions. (4) Baker's asthma is one of the most common occupational asthmas. (5) (6) (7) Exposure to flour dust can also lead to chronic bronchitis and bronchial obstruction. (8, 9) High concentration periods related to specific work activities in bakeries may be decisive in causing the adverse health effects. The prevention of these periods could decrease allergic and respiratory symptoms. (10) Though, data on the variation of concentrations (mass, number) in bakeries is insufficient. In addition, so far fine and nanoparticles in bakeries have been scarcely studied, partly due to the lack of appropriate instruments but mainly because of their low mass concentration. However, the smallest size fractions may play a role, for example, in allergic alveolitis type of reactions. (4) To the best of our knowledge, there are only two studies where nanoparticles have been measured in bakeries. (11, 12) In this study, the variation of concentrations (mass, number) and number size distribution of fine and nanoparticles was studied in a traditional Finnish bakery. In addition, the exposure of a dough maker to the nanoparticle fraction of the inhalable dust was determined.
METHODS

Bakery
The study was carried out in a traditional, small-scale bakery in Finland. The bakery produced a wide variety of products including breads, rolls, bagels, baguettes, rice pasties, pies, cakes, gateaux, buns, doughnuts, pastries and biscuits. The average workforce was 10 employees; most of them had individual job tasks and the degree of automation was low. The floor area and European standard for air filters EN779:2012) with an average efficiency (Em, %) for 0.4 µm particles of 80 ≤ Em < 90. (13) All the ovens were fuelled by oil. Above the ovens and doughnut baking spot were hoods that were equipped with metal grease filters (G2). G2 is a filter for coarse dust with an average arrestance (Am, %) for synthetic dust of 65 ≤ Am < 80. (13) Local dust control system in a bakery was a tubular bag filter unit (CT-34-54-1600 L, Clevertek, Finland) with a blower (CT-5, 5--6000, 5.5 kW). It consisted of 54 tubular filter bags that were cleaned automatically by compressed air. Total filter area was 34 m 2 and capacity 6000 m 3 /h.
Devices, for example dough mixers and dough roller ( Fig. 1) were connected to the system with flexible hoses. However, local dust controls were in most of the areas used infrequently. The workers brushed the floor and tables each day during and at the end of a work shift.
In the bakery, two separate measurement campaigns were conducted in October 2014 and March 2016, both on three consecutive days during a week. The work shift started at around 2:00
am and finished at around 7:30 am. Every work shift began with dough making. Trolley ovens were turned on at the beginning of each day, followed by hearth ovens 30 minutes later. Baking of the products started at around 2:50 am and operating of the trolley ovens 10 minutes later.
Doughnut baking also began at 3:00 am, and continued until 7:00 am. Operating the hearth ovens started at approximately 4:00 am, and continued to 6:00 am. In addition to dough making (weighting and mixing ingredients), the dough maker participated in other tasks such as dough forming, placing products into hearth ovens, and cleaning.
Particle measurements
Measurements were performed at the breathing zone (BZ) of the dough maker and at three stationary (S) locations: A) baking area, B) oven area, and C) flour depository ( Mass concentrations (C m ), number concentrations (C n ), number size distribution (dn/dlogD p ), and particle morphology and composition were studied. Real-time C n was measured with condensation particle counters (CPC; TSI, USA) at S-A, S-B, and S-C. Number size distribution was measured with a scanning mobility particle sizer (SMPS; TSI, USA) and a fast mobility particle sizer (FMPS; TSI, USA). The SMPS system consisted of a pre-impactor, charger (Kr-85), platform (Model 3080), differential mobility analyzer (Model 3081), and CPC 3776.
Electron microscopy (EM) samples were collected on porous carbon films (S147-4400 Holey Carbon Film 400 Mesh Cu, Agar Scientific, USA) with an aspiration sampler (15) at the BZ of the dough maker and at the S-A. In the measurement campaign 2, a pre-impactor of the SMPS was attached to the aspiration sampler to cut off large particles.
Instruments used in the measurement campaigns, corresponding parameters, and sampling location of each instrument are listed in Table 1 .
Analytical methods
Concentrations of organic and elemental carbon were determined from quartz fiber filters using a thermal-optical carbon analyzer (Sunset Laboratory, USA). The analyses were performed according to National Institute for Occupational Safety and Health (NIOSH) method 5040. (16) In addition, 31 elements were determined from Teflon and IOM filters using inductively coupled plasma mass spectrometry (ICP-MS) and ion chromatography (IC) according to ISO 17294-2
and ISO 10304-1 standards. (17, 18) The morphology and composition of the particles were studied using a scanning electron microscope (SEM; Sigma HD VP, Carl Zeiss NST, UK) connected with two energy-dispersive X-ray spectroscopy detectors (EDS; Thermo Scientific, USA). SEM imaging was conducted at an accelerating voltage of 2 kV using SE2 and InLens detectors. An accelerating voltage of 10 kV was used in the EDS analyses.
RESULTS
Number concentrations and number size distribution
The C n of fine and nanoparticles measured with the CPC 3775 or the CPC 3776 at the S-A followed approximately the same trend during the work shift in both measurement campaigns ( Fig. 2 a and b) . Before the work shift, the background C n was low, below 1.0*10 3 cm 3 . At the S-A, the C n was approximately 5.6*10 5 cm 3 at its highest during the work shift. In the first measurement campaign (Fig. 2 a) , the C n was lower during the latter part of the work shift due to opened window and door at 4:20 am.
Instantly after the ovens were turned on, particles were released into the bakery air. This can be seen from the C n measured at the S-B and S-C (Fig. 2 c) . At the S-B, the C n was high, approximately 4.1*10 6 cm 3 , when all the ovens were operated simultaneously (Fig. 2 c) at 5:00
am. At the S-C, the C n was lower and ranged between 2.5*10 4 cm 3 and 5.5*10 5 cm 3 during the work shift.
Number size distributions were measured during the first measurement campaign with the SMPS and FMPS. The number size distribution of fine and nanoparticles fluctuated greatly (Fig.   3 ). The formation of very small particles after turning the trolley ovens on can be seen from Fig.   3 a that shows the average number size distribution measured at the S-B using the FMPS. During dough making, the C n at the S-A was low ( Fig. 2 a and b) and the average number size distribution wide (Fig. 3b) . At the beginning of baking, a geometric mean diameter (GMD) of the particles was approximately 110 nm, and a geometric standard deviation (GSD) 2.2 at the S-A (Fig. 3 c) . When operating the ovens became more frequent, the GMD at the S-A decreased to 7 approximately 60 nm (GSD 1.9) (Fig. 3 d) . At the beginning of doughnut baking, the average number size distribution at the S-B was bimodal (Fig. 3e) . When all the ovens were in operation and doughnut baking ongoing, the GMD of the particles at the S-B was approximately 90 nm (GSD 1.8) (Fig. 3f) .
Mass concentrations
Real-time C m was measured at the S-A during the second measurement campaign. During the work shift, the C m varied remarkably, whereas background C m was low before the work shift (Fig. 4) . The C m of the inhalable dust that was determined in the measurement campaign 2 using the IOM sampler was 6.8-14.5 mg/m 3 at the BZ and 2.3-2.6 mg/m 3 at the S-A ( Table 2) . The nanoparticle fraction, collected using the IOM sampler with the pre-cyclone, accounted for 9-15% and 4-8% of the inhalable dust at the BZ and the S-A, respectively. The C m of the nanoparticles calculated from the data of TEOM with the pre-cyclone agreed quite well with the C m determined using the IOM with the pre-cyclone. In addition, the PM1 concentrations determined in the measurement campaign 1 from the Teflon filters were close to the C m measured in the campaign 2 using the IOM sampler with the pre-cyclone. Instead, the PM1 concentrations calculated from the DustTrak DRX data were constantly higher and constituted 85-93% of the TPM.
Morphology and composition of the particles
Large flour dust particles existed in the bakery air, especially in the BZ samples (Fig. 5 a) . These particles consisted mainly of phosphorus (P), potassium (K), nitrogen (N), and sulphur (S), carbon (C) and oxygen (O). Smaller flour dust particles that resemble agglomerates were also found ( Fig. 5b-e) . These agglomerates consisted mainly of carbon and small amounts of silicon (Si) or sulphur, and contained nanosized particles as well (Fig. 5e ). In addition, spherical particles containing, for example, nitrogen, silicon, phosphorus, sulphur, potassium, sodium 8 (Na), calcium (Ca) and chlorine (Cl) were present ( Fig. 5b-d) . Furthermore, soot agglomerates were occasionally observed in the samples (Fig. 5f ).
Carbon, determined with the thermal-optical carbon analyzer from the gravimetric PM1 samples, made up 42-64% of the total mass of the PM1 particles. At least 99% of the carbon was organic. The elements analysed with the ICP-MS from the PM1 filter samples collected at the S-A composed of 1.1% of the total PM1 mass. In the IOM-samples collected from the BZ, the fraction of these elements was 0.4% of the inhalable dust, and 0.5% of the nanoparticles. In the inhalable dust, the main elements were potassium (27.0 µg/m 3 ), calcium (12.5 µg/m 3 ) and sodium (12.0 µg/m 3 ) (Table 3 ). In the nanoparticle fraction, potassium and sodium were not 
DISCUSSION
To the best of our knowledge, this is the first study in which the smallest fractions of airborne particles found in a bakery are characterized and the proportion of nanoparticles of the inhalable dust is determined. In addition, the dough maker's personal exposure to nanoparticles was measured, which has not been done in previous studies. Furthermore, this study indicated that flour dust contains also nanosized particles.
The C n and C m fluctuated a lot in the bakery air that is in accordance with the previous studies in which real-time measurements have been performed. (7, 11, 12) The rapid increase in the C n near (S-B) or behind (S-C) the trolley ovens instantly after the ovens were turned on was a clear evidence that the ovens released particles into the bakery air. The maximum temporary C n (4.1*10 6 cm 3 at S-B) was significantly higher than in the previous study (5.0*10 5 cm 3 ) in which the C n was measured at the middle of the baking facility using an ELPI (Electrical Low Pressure Impactor; Dekati, Finland).
(11) Time series of the C n and C m were different at the S-A at the beginning of the work shift. There was a high peak in the C m (5 min sliding average 1.7 mg/m 3 ) at approximately 2:10 am but not in the C n . The peak in the C m arose out from the weighting of flours and adding flours from sacks to the dough mixers that resulted in large particles into the air. Meijster et al. (19) and Roberge et al. (7) have measured high C m peaks at the beginning of dough mixing as well. At approximately 5:00 am when all the ovens were operated simultaneously, both the C n (2*10 5 -5*10 5 cm 3 ) and C m (1.2-1.5 mg/m 3 ) were high at the S-A.
Number size distribution of the fine and nanoparticles varied remarkably, consistently with the previous studies. (11, 12) Different sources, such as ovens, dough making, and doughnut baking affected the number size distribution. Very small particles were released into the bakery air from the ovens that shifted the number size distribution of the particles towards smaller sizes when operating the ovens became more frequent. Tissari et al. (11) have found that particle size reached the peak of 300 nm during doughnut baking, and meanwhile, particle number size distribution changed to bimodal, which was also seen in this study at the beginning of doughnut baking. In other countries, number size distribution has been rarely measured with direct reading instruments. Roberge et al. (7) have measured number size distribution with a Grimm 1.108
optical particle counter and an eight-stage cascade impactor. A mode of smaller than 1 µm particles was observed by both methods.
In Finland, an 8-hour occupational exposure limit (OEL) for inhalable flour dust is 2 mg/m 3 . (20) In this study, the C m of the inhalable dust clearly exceeded the OEL, being 340-725%
and 115-130% of the OEL at the BZ and S-A, respectively. Dusty tasks the dough maker was involved in besides dough making were, for example, rolling of dough and baking of rice pasties (including throwing rye flour to the baking table and dough) which may explain the high exposure level of the dough maker. Burstyn et al. (21) have reported that time spent pouring or dusting flours is among the main factors increasing inhalable dust exposure. However, the OEL was exceeded at the S-A as well. The C m at the S-A was consistent with or slightly higher than the results (0.9-2.3 mg/m 3 ) of Tissari et al. (11, 12) who determined the total C m using US-EPA method (22) . In other Finnish studies that have covered dough making, the C m of the total dust has been 0.9-18.8 mg/m 3 at the BZ and 0.7-14.2 mg/m 3 at the stationary locations. (23) (24) (25) In other countries, the C m of the inhalable dust during dough making (including BZ and stationary samples) has ranged from 0.2 to 65 mg/m 3 . (7, (26) (27) (28) (29) (30) (31) (32) (33) (34) The C m of the inhalable dust is typically larger than the C m of the total dust because IOM-sampler is more effective for larger particles than closed cassette method.
The nanoparticle fraction of the inhalable dust was 9-15% at the BZ and 4-8% at the S-A. 
. This is probably due to rapid fluctuation of the C m and longer sampling times in the present study.
Carbon comprised 42-64% of the PM1 mass, and it was nearly entirely organic. The rest of the particles were probably composed mainly of hydrogen, oxygen, and nitrogen, which are the major ingredients of carbohydrates and proteins, in addition to carbon. Tissari et al. (11) have also observed that particulate carbon in the bakery was mainly organic but elemental carbon was detected too, especially in the samples taken near the ovens during heating. The elements determined with the ICP-MS analysis comprised of only 1.1% and the ions determined with the IC analysis 2.2% of the PM1, which was in accordance with the results of the previous study.
In the BZ samples, the fraction of the elements determined with the ICP-MS analysis was 0.4% of the inhalable dust, and 0.5% of the nanoparticles. Distribution of the elements followed the composition of the ingredients used in the bakery. The SEM imaging proved that flour dust included also nanosized particles. In addition, spherical particles that originate probably at least partly from outdoor sources (35) were present in the bakery air.
Real-time measurements performed in this study revealed that high C m period occurred for example at the beginning of the dough making when large flour particles were released into the air. Both the C m and C n were high when all the ovens were operated simultaneously and plenty of nanoparticles were released into the air. The primary health effects linked to the large flour particles are flour-induced sensitization and development of occupational rhinitis. (34) The smallest particles can reach the alveolar region and may play a role, for example, in allergic alveolitis type of reactions. (4, 36) 
CONCLUSIONS
This study reported that flour dust contained nanosized particles that made up 9-15% of the inhalable dust at the breathing zone of the dough maker. However, most of the fine and 
